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a  b  s  t  r  a  c  t
Well  tested  agricultural  system  models  can improve  our  understanding  of  the water  quality  effects  of
management  practices  under  different  conditions.  The  Root  Zone  Water  Quality  Model  (RZWQM)  has
been tested  under  a variety  of conditions.  However,  the  current  model’s  ability  to simulate  pesticide  trans-
port  to subsurface  drain ﬂow  over  a  long  term  period  under  different  tillage  systems  and  application  rates
is not  clear.  Therefore,  we  calibrated  and tested  RZWQM  using  six  years  of data  from  Nashua,  Iowa.  In  this
experiment,  atrazine  was  spring  applied  at 2.8 (1990–1992)  and  0.6  kg/ha/yr  (1993–1995)  to two  0.4 ha
plots  with  different  tillage  (till and  no-till).  The  observed  and simulated  average  annual  ﬂow weighted
atrazine  concentrations  (FWAC)  in  subsurface  drain ﬂow  from  the  no-till  plot  were  3.7 and  3.2 g/L,
respectively  for  the  period  with  high  atrazine  application  rates,  and 0.8  and  0.9  g/L, respectively  for  the
period  with  low  application  rates.  The  1990–1992  observed  average  annual  FWAC  difference  between
the  no-till  and tilled  plot  was  2.4  g/L while  the  simulated  difference  was  2.1 g/L. These  observed  and
simulated  differences  for 1993–1995  were  0.1  and  0.1  g/L, respectively.  The  Nash–Sutcliffe  model  per-
formance  statistic  (EF)  for cumulative  atrazine  ﬂux  to  subsurface  drain  ﬂow  was  0.93  for the  no-till  plot
testing  years  (1993–1995),  which  is  comparable  to other  recent  model  tests.  The  value  of  EF is  1.0  when
simulated  data  perfectly  match  observed  data.  The  order  of selected  parameter  sensitivity  for  RZWQM
simulated  FWAC  was atrazine  partition  coefﬁcient  >  number  of  macropores  > atrazine  half  life  in  soil >  soil
hydraulic  conductivity.  Simulations  from  1990  to  1995  with  four  different  atrazine  application  rates
applied  at  a constant  rate  throughout  the  simulation  period  showed  concentrations  in drain  ﬂow  for  the
no-till  plot  to  be  twice  those  of the  tilled  plot.  The  differences  were  more  pronounced  in the  early  simu-
lation  period  (1990–1992),  partly  because  of the  characteristics  of macropore  ﬂow  during  large  storms.
The  results  suggest  that  RZWQM  is  a promising  tool  to study  pesticide  transport  to subsurface  drain  ﬂow
under different  tillage  systems  and  application  rates  over  several  years,  the  concentrations  of  atrazine
in drain  ﬂow  can  be higher  with  no-till  than  tilled  soil  over  a range  of  atrazine  application  rates,  and
atrazine  concentrations  in  drain  ﬂow  are  sensitive  to the macropore  ﬂow  characteristics  under  different
tillage  systems  and  rainfall  timing  and  intensity.
Published by Elsevier B.V.
1. Introduction
After the ﬁrst ten years of the U.S. Geological Survey National
Water-Quality Assessment (NAWQA) Program (1992–2001),
Gilliom et al. (2006) concluded that predictive modeling is crit-
ical for the successful assessment of U.S. water quality because
the expense of direct monitoring prevents the acquisition of data
∗ Corresponding author. Tel.: +1 515 294 8327; fax: +1 515 294 8125.
E-mail address: rob.malone@ars.usda.gov (R.W. Malone).
at spatial and temporal resolutions required to manage water
resources in a cost effective manner. Therefore, the current NAWQA
Program heavily emphasizes the use of thoroughly tested models
as a complement to monitoring. As part of this emphasis, one of
the current goals of the NAWQA Program is to develop well tested
models to predict pesticide transport from the land surface to the
water table. Statistical models for pesticides in ground and sur-
face water have been developed within the NAWQA Program (e.g.,
Stackelberg et al., 2012; Larson and Gilliom, 2001). However, the
use of process based models for long-term prediction of pesticide
fate and transport under subsurface drainage, macropore ﬂow, and
0378-3774/$ – see front matter. Published by Elsevier B.V.
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different management practices in the U.S. Midwest has thus far
been limited.
In their summary of the NAWQA Program, Gilliom et al. (2006)
reported that atrazine (and its metabolite deethylatrazine) was the
single most frequently detected pesticide in streams and ground
water, being detected greater than 90% of the time in streams and
42% of ground water samples in agricultural areas. In 1998 atrazine
was detected in all 129 Midwestern stream and river water sam-
ples studied with median and maximum concentrations of 3.97 and
224 g/L (Battaglin et al., 2000). Frequent detection of this herbi-
cide is partly related to its high usage rate with approximately 23
million kg of atrazine applied to corn in the United States in 2010
(USDA, 2012). This high detection frequency may  affect reproduc-
tion of aquatic ﬂora and fauna, which impacts the whole aquatic
ecosystem (e.g., Graymore et al., 2001). Concentrations of atrazine
were greater than one or more aquatic-life benchmarks in 18% of
agricultural streams in the multi-year national study (Gilliom et al.,
2006). Furthermore, because drinking water with excessive levels
of atrazine for many years could lead to cardiovascular system or
reproductive difﬁculties, the Environmental Protection Agency set
a maximum contaminant level (MCL) of 3 g/L (USEPA, 2012).
Subsurface drains generally reduce pesticide transport in sur-
face runoff because of increased inﬁltration (Kladivko et al., 2001).
Also, the NAWQA Program found that the atrazine concentration in
ground water was inversely correlated with artiﬁcial drainage, per-
haps because drains divert atrazine to streams and rivers reducing
atrazine transport below the “tile” drain depth (Stackelberg et al.,
2012). Although subsurface drains can reduce atrazine transport
in runoff and to ground water, atrazine is detected in streams at
high concentrations in corn-belt states where it is heavily applied
including Iowa, Illinois, Indiana, and western Ohio (Gilliom et al.,
2006). Subsurface drains are also prevalent in these states (e.g.,
Jaynes and James, 2007).
Effective methods to reduce pesticide loss to subsurface
drainage and leaching include application rate reduction, product
substitution, and shift of the application date. However, the effects
of tillage systems on pesticide transport are inconsistent, insufﬁ-
ciently known, and unpredictable (e.g., Reichenberger et al., 2007).
The Root Zone Water Quality Model (RZWQM) is an agricultural
system model that includes routines to simulate pesticide transport
to subsurface drains, subsurface soil, shallow ground water, and
macropore ﬂow. Malone et al. (2003, 2004b) found that RZWQM
successfully simulated the effects of tillage systems on pesticide
transport: (1) using data from undisturbed soil blocks brought into
the laboratory and (2) using data from a single season ﬁeld study on
a well drained soil. The associated model parameterization meth-
ods to simulate the effects of tillage systems on pesticide transport
have not been tested for soils with subsurface drainage using mul-
tiple years of data.
In complex systems such as agriculture, models have been sug-
gested as the only way to quantify the site speciﬁc effects of
management practices across the array of interacting conditions
often affecting the system (Ahuja et al., 2002). Malone et al. (2004c)
concluded that in general RZWQM simulates pesticide fate rea-
sonably well under many scenarios after extensive calibration and
testing. However, ﬁeld assessments of RZWQM simulated pesticide
concentration in subsurface drainage under different application
rates are lacking. In fact, little ﬁeld research is available reporting
pesticide concentrations in subsurface drainage under multiple
application rates.
Pesticides can rapidly move from the soil surface to ground
water due to preferential ﬂow (e.g., Arias-Estevez et al., 2008). Goss
et al. (2010) suggested that providing evidence of this mechanism is
one of the most signiﬁcant roles lysimeters have provided toward
the development of our understanding of ground water contam-
ination. Preferential ﬂow has been deﬁned as ‘. . .all phenomena
where water and solute move along certain pathways, while
bypassing a fraction of the porous matrix’ (Clothier et al., 2006;
Hendrickx and Flury, 2001). Recently, Tiktak et al. (2012) needed
to modify the leaching model PEARL to include preferential ﬂow
to accurately simulate the rapid movement of pesticides to sub-
surface drainage. Likewise, Guzman and Fox (2012) showed that
accurately representing preferential ﬂow is very important to
model pathogen and E. coli transport to subsurface drains using
RZWQM.
Although more research is needed on the subject, RZWQM has
been used to investigate the effects of tillage systems and prefer-
ential ﬂow on atrazine movement in artiﬁcial subsurface drainage.
Kumar et al. (1998) concluded that RZWQM showed high potential
for predicting atrazine losses with subsurface drainage as affected
by tillage systems when macropore ﬂow was simulated. They
reported higher simulated and observed atrazine loss to drain ﬂow
under no-till compared to moldboard plow systems, which was
attributed to higher lateral saturated hydraulic conductivity under
no tillage. Atrazine loss to drain ﬂow is the product of atrazine
concentration in drainage and drain ﬂow volume. Therefore, the
lateral saturated conductivity could affect the drain ﬂow volume
more than the atrazine concentrations in drain ﬂow. Malone et al.
(2003) attributed higher simulated and observed pesticide con-
centrations in leachate under no-till compared to tilled soil to
parameters affecting the timing of macropore ﬂow during rainfall.
Because macropore ﬂow occurred sooner after rainfall initiation in
the no-till treatment, the result was higher pesticide concentra-
tions in leachate.
The pesticide component of RZWQM was thoroughly revised
subsequent to the initial release in 1992 (Wauchope et al., 2004).
Concurrent with this revision, the model was tested using short-
term ﬁeld data under conditions without subsurface drainage
(Malone et al., 2004b,c; Ma  et al., 2004a). Few long term ﬁeld
tests (e.g., >3 years) of the revised pesticide component of RZWQM
have been conducted and one of the only tests of the revised
model under subsurface drainage used two ﬁeld sites in Indiana
with one year of data for model calibration and testing (Fox et al.,
2007).
Investigating agricultural system model parameter sensitivity
has been an important component of many research projects (e.g.,
Kumar et al., 1998; Ma  et al., 2004b; Walker et al., 2000; White
and Chaubey, 2005; Ahmed et al., 2007). Malone et al. (2001,
2004b) reported that the macropore parameters were among the
most sensitive RZWQM inputs affecting simulated atrazine and
metribuzin transport through well drained soil. In contrast, Kumar
et al. (1998) found soil macroporosity among the least sensitive
variables associated with RZWQM simulation of atrazine transport
through poorly drained soil to subsurface drain ﬂow. Few stud-
ies, however, have investigated the sensitivity of a wide range
of RZWQM input parameters associated with simulated pesticide
concentrations in subsurface drain ﬂow. To facilitate model param-
eter optimization and sensitivity analysis, RZWQM was recently
linked with the automatic parameter optimization program PEST
(model independent parameter estimation; Doherty, 2004) that
reports sensitivity indices of optimized parameters (Malone et al.,
2010; Nolan et al., 2010). An additional beneﬁt of using automatic
calibration methods such as PEST is that they help provide an objec-
tive, defensible, and repeatable way  to calibrate models with many
parameters (Rose et al., 2007).
As discussed, management practices such as application rates
and tillage systems can inﬂuence pesticide transport through
soil, but the affect on pesticide transport to subsurface drainage
is poorly understood. RZWQM can accurately simulate pesticide
transport through macropores and has been tested under a variety
of conditions, but the current model’s ability to simulate pesticide
concentrations and transport in subsurface drain ﬂow over a long
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term period under different tillage systems and pesticide applica-
tion rates is unclear. Therefore, our objective was to use RZWQM
to evaluate atrazine transport through poorly drained soil to sub-
surface drain ﬂow under two tillage systems and different atrazine
application rates. The revised pesticide component of RZWQM was
tested using the same three-year dataset as Kumar et al. (1998)
along with three additional years when atrazine was  applied at
a reduced rate. As part of this study we conducted a sensitivity
analysis of the PEST optimized model parameters.
2. Materials and methods
2.1. RZWQM description
The RZWQM pesticide, macropore, subsurface drainage, and
other soil/water components have been described in detail (e.g.,
Fox et al., 2004; Malone et al., 2003, 2004b). A brief description
of these processes is included here so that the model parame-
terization and discussion are comprehensible. The RZWQM is a
one-dimensional (vertical) model that simulates plant growth and
movement of water, nutrients, and pesticides in surface runoff,
through the soil proﬁle, into ground water, and through subsur-
face drainage. Drainage ﬂux is calculated using an adaptation of
the Hooghoudt equation (e.g., Fox et al., 2004; Malone et al., 2007).
RZWQM simulates water and pesticide movement during rainfall
or irrigation in the following steps:
- rainfall, irrigation and chemicals are received by the soil surface,
plant foliage and surface residue;
- rainfall or irrigation exceeding the soil matrix inﬁltration rate
becomes overland ﬂow and enters macropores;
- overland ﬂow exceeding both the maximum macropore ﬂow
capacity and soil matrix inﬁltration rate becomes surface runoff;
- a portion of the chemicals on the top 2 cm of the soil, plant foliage,
and crop residue are extracted and transferred to overland ﬂow
and macropore ﬂow; and
- as chemicals move through the macropores they interact with
the pore walls, and a portion of the water and chemicals radially
inﬁltrate into the soil matrix.
Water inﬁltration into the soil matrix is simulated using
the Green–Ampt equation and water is redistributed using the
Richards’ equation. Soil hydraulic properties are described with
a modiﬁed Brooks–Corey equation. These inﬁltration and water
redistribution equations were described in some detail by Malone
et al. (2003) and can be solved if reasonable estimates are avail-
able for saturated hydraulic conductivity (Ks, cm/h), soil porosity,
air-entry or bubbling suction (hb, cm); pore size distribution index
(PSD, dimensionless), and residual water content. For the current
RZWQM assessment, the soil porosity and residual water contents
were obtained from Ma  et al. (2007a,b) using the same plots as the
current study while the other parameters were calibrated for each
plot as described below.
If the rainfall rate exceeds the soil matrix inﬁltration rate, the
excess is considered overland ﬂow and transported into macropo-
res. The water entering macropores is evenly distributed among
macropores. For input into RZWQM, Malone et al. (2001, 2003)
recommended using “active” macroporosity, i.e., half of percolate-
production macroporosity (Pmac, cm2/cm2)
Pmac = 0.5 ∗ Nmac ∗ pi ∗ Rmac2 (1)
where Nmac is the number of percolate producing macropores per
soil area (cm−2) and Rmac is the average radius of macropores (cm).
Chemicals in macropore ﬂow react with the soil walls according
to chemical partitioning. Water and chemicals vertically moving
through macropores mix  and react with a user deﬁned radial length
of the macropore wall called the effective soil radius (ESR). An ESR
of 0.6 cm was used here and has resulted in accurate RZWQM sim-
ulations for several conditions (Malone et al., 2001, 2003, 2004b).
The soil volume surrounding macropores available for chemical
sorption, WVOL, is then:
WVOL = pi ∗ 0.5 ∗ Nmac ∗ [(Rmac + ESR)2 − Rmac2] (2)
Chemicals are transferred from the soil surface to overland
ﬂow and macropore ﬂow by rainfall impact, is assumed to occur
within the top 2 cm of soil, and contribution decreases exponen-
tially within this depth increment (0–2 cm). This can be expressed
as the nonuniform mixing model,
Mave = e−(B1)Z (3)
where Mave = average degree of mixing for depth increment
between rainfall and soil solution (unitless); B1 = the non-uniform
mixing parameter (cm−1); Z = center of depth increment (0.5 or
1.5 cm).
2.2. Field study
Field data was  collected at Iowa State University’s Northeast
Research Center near Nashua, Iowa. For our objectives, two plots
(#13 tilled and #14 no-till) were used with atrazine applied in the
spring of corn years at 2.8 kg/ha a.i. (1990–1992) and 0.6 kg/ha a.i.
(1993–1995). Dates of atrazine application were May  2, 1990; May
28, 1991; May  6, 1992; May  17, 1993; May  2, 1994; and May  16,
1995. Corn was planted each May  except 1994 when the no-till
plot was  planted to soybean and atrazine was not applied. Plot 13
was tilled with moldboard plow from 1990 to 1992 and chisel plow
from 1993 to 1995. In addition to the tillage systems and atrazine
application rates of these two  plots, these plots were chosen partly
because they were adjacent to each other with minimal soil differ-
ences (e.g., Ma  et al., 2007b).
The seasonal water table below the 0.4-ha plots ﬂuctuates
from approximately 20 to 160 cm.  Subsurface drainage tubes/pipes
(10 cm in diameter) were installed in the fall of 1979 at 120 cm
depth and 29 m apart. The drain lines through the center of the
plots were instrumented to measure drainage volume and collect
samples. The predominant soils from these two plots are Floyd
loam (ﬁne-loamy, mixed, superactive, mesic Aquic Pachic Hap-
ludolls), Kenyon silty-clay loam (ﬁne-loamy, mixed, superactive,
mesic Typic Hapludolls), and Readlyn loam (ﬁne-loamy, mixed,
superactive, mesic Aquic Hapludolls). These soils are moderately
well to poorly drained, are developed in sediment overlying loamy
glacial till, and belong to the Kenyon–Clyde–Floyd soil associa-
tion.
Subsurface drainage water samples were collected three times
a week (when “tiles” were draining) for the ﬁrst 60 days after
application and composited for weekly pesticide analysis. For the
remainder of the year, sampling frequency was based on ﬂow, but
never exceeded once a week. Weather data (solar radiation, daily
maximum and minimum temperature, and hourly rainfall) were
obtained from an on-site weather station for most of the simula-
tion period with missing data ﬁlled from nearby weather stations
(Ma  et al., 2007b). The rainfall data was  revised somewhat from Ma
et al. (2007b) using the Iowa Mesonet hourly rainfall for Nashua
because close analysis suggested that a few storms were missed in
1993 (IEM, 2012). Additional details on the plots, instrumentation,
and ﬁeld experiment are in Kumar et al. (1998) and the associated
references.
Soil cores 2.5 cm in diameter were collected two to four times
a year for atrazine analysis; generally to a depth of 120 cm. These
were divided into depth increments: 0–10, 10–20, 20–30, 30–45
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and 45–60 or 30–60, 60–90, and 90–120 cm.  Three cores were col-
lected from each plot at each sampling event and the three samples
from the same depth were combined to make one set of samples
for each plot. Details of the soil sampling and analysis for atrazine
are described by Weed et al. (1995) and Azevedo et al. (1997).
2.3. RZWQM parameterization, calibration, testing, and
application
2.3.1. Model initialization
The RZWQM with a revised pesticide component (e.g.,
Wauchope et al., 2004) was initialized using the plot 13 and
14 parameters and ten soil layers from Ma  et al. (2007a,b) for
a study of crop production, subsurface drain ﬂow, and nitrate
dynamics. The top two layers were designated 0–8 and 8–41 cm
to replicate the pesticide transport and macropore parameter-
ization strategy of Malone et al. (2003). Malone et al. (2003)
reported that the RZWQM soil parameters for the depth immedi-
ately below 8 cm were important to accurately simulate pesticide
transport through macropores from undisturbed 30 cm deep no-
till and moldboard plow soil blocks without artiﬁcial subsurface
drainage.
The current simulation was started in 1986 to allow hydrology
and pesticide in soil and shallow ground water to initialize prior
to model calibration and testing using data from 1990 to 1995.
Atrazine application was simulated to occur on May  2 at 2.8 kg/ha
for 1986–1989.
2.3.2. Model parameter calibration and sensitivity
The ﬁrst phase of model calibration was to optimize the tilled
plot for weekly subsurface drain ﬂow, weekly composite atrazine
concentration in drain ﬂow, and soil atrazine concentration at
the different soil depths and dates over the six-year ﬁeld study
(1990–1995). All years were included in the parameter optimiza-
tion for the tilled plot to achieve the best possible atrazine partition
coefﬁcient (Koc) and ﬁrst order half life (t0.5). These parameters
(Koc and t0.5) were used in the no-till plot simulation without opti-
mizing. Parameters adjusted for optimization are listed in Table 1
and were constrained to a range of values similar to those mea-
sured at the site or reported in other related studies (e.g., Ma  et al.,
2007a; Malone et al., 2003; Moorman et al., 2001). The optimization
combined both manual parameter adjustment and the automatic
parameter estimation (calibration) program PEST linked to RZWQM
which is described in detail by Malone et al. (2010) and Nolan et al.
(2010). One of the advantages of utilizing PEST is that all 23 RZWQM
input parameters listed in Table 1 could be adjusted simultaneously
to minimize a multicriteria objective function composed of four
different observation groups: weekly subsurface drain ﬂow (cm);
their composite atrazine concentrations (g/L); atrazine concen-
trations in soil at several depth increments and 21 dates (mg/kg);
and the total atrazine in the soil proﬁle (kg/ha) at 21 dates. The
last step of this phase of model calibration was to objectively opti-
mize the tilled plot with PEST for the parameters listed in Table 1
and the multicriteria objective function, but soil parameters below
the top 50 cm were excluded from this last phase of model calibra-
tion.
The Gauss–Marquardt–Levenberg optimization methodology
as implemented in PEST has been criticized for being too easily
trapped in local objective function minima (Doherty and Johnston,
2003). This disadvantage can be overcome by using an objec-
tive function that combines multiple criteria and suitable relative
weights (Doherty and Johnston, 2003). One of the main beneﬁts of
local optimization methods is that they require a fraction of the
run-time of global methods. The objective function (˚(ˇ)) based
on parameter set (ˇ) can be summarized as:
˚(ˇ) =
n1∑
i=1
[Wac df,i(Pac df,i − Oac df,i)]2 +
n2∑
i=1
[Wdf,i(Pdf,i − Odf,i)]2
+
n3∑
i=1
[Wac sd,i(Pac sd,i − Oac sd,i)]2
+
n4∑
i=1
[Wa sp,i(Pa sp,i − Oa sp,i)]2 (4)
where subscript i = ith observation; O = observed values;
P = simulated values; w = observation weights; subscript
ac df = weekly ﬂow weighted atrazine concentration in drain
ﬂow (g/L); subscript df = weekly drain ﬂow (cm/day); sub-
script ac sd = atrazine soil concentration at different soil depths
(mg/kg); subscript a sp = total atrazine in the soil proﬁle (kg/ha);
n1–n4 = number of observations associated with each observation
group. Weights were chosen so that no criterion was allowed to
dominate the objective function: 80, 0.8, 1.0, and 0.5 were used
for atrazine concentration in drain ﬂow, volume of drain ﬂow, soil
atrazine concentration at different depths, and atrazine in the soil
proﬁle, respectively.
The calibrated Koc and t0.5 from the tilled plot were input for
no-till and kept constant throughout the optimization. The no-till
plot was  then calibrated similar to till using a combination of both
manual and PEST optimization. The last step of this phase of model
calibration was to objectively optimize the no-till plot parameters
listed in Table 1 using PEST and weekly composite atrazine con-
centration in drain ﬂow over three years (1990–1992) and weekly
subsurface drain ﬂow amount over six years (1990–1995). Using
the entire dataset for hydrology calibration was acceptable because
our objectives did not include testing the hydrology component and
we wanted to minimize the effect of errors in the hydrology simula-
tion on simulating atrazine’s fate and transport (e.g., Malone et al.,
2004b). Soil atrazine concentrations and total amount in the soil
proﬁle were not used to calibrate the no-till plot because this was
the validation dataset.
After the ﬁnal PEST optimization steps described above, the
annual average ﬂow-weighted atrazine concentration in subsur-
face drain ﬂow (FWAC) was slightly over predicted for both plots.
Therefore, the ﬁnal optimization step was  to manually increase the
number of percolate producing macropores per soil area (Nmac) to
achieve similar simulated and observed average annual FWAC for
1990–1992 (no-till) and 1990–1995 (till). The ﬁnal set of optimized
parameters is defendable considering site-speciﬁc measurements
and related literature sources (Table 1).
To simplify the model assessment, tillage was not directly simu-
lated using the model. Instead, tillage effects were simulated using
the objectively optimized soil parameters. If tillage is selected as
a management option in RZWQM, soil and macropore parameters
are automatically adjusted by the model.
After model optimization, the sensitivity of each model param-
eter was  calculated. For brevity, we report parameter sensitivity
based only on the observations in the atrazine concentration in
drain ﬂow group from the tilled plot. The relative composite sen-
sitivities of each parameter (RCSj) were computed as described by
Hill and Tiedeman (2007):
RCSj = sj ∗ |pj| ∗ m0.5 (5)
where subscript j indicates the jth parameter, | p | is the absolute
value of the log 10 of the optimized jth parameter, m is the num-
ber of observations with nonzero weights, and sj is the composite
sensitivity of the jth parameter described by Doherty (2004) and
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Table 1
Calibrated RZWQM input parameters and parameter sensitivity.
Parameter No-till Till RCSa Comments and justiﬁcation concerning the calibrated
parameters
Soil matrix saturated hydraulic conductivity
(Ks, cm/h)
4.1 (0–8 cm)  4.2 2.0 Within the range of measured (Ma  et al., 2007a). Similar to
the calibrated values, the measured Ks of the 40–90 cm
depth was greater than the surface 0–20 cm (Ma et al.,
2007a)
9.1 (8–41 cm)  4.0 2.2
12.8 (41–50 cm)  5.6
12.0  (50–69 cm) 12
15.1  (69–89) 15.1
5.0  (89–130 cm)  1.0
Pore  size distribution index (PSD,
dimensionless)
0.10 (0–8 cm) 0.07 14.0 Within the range of measured (Ma  et al., 2007a). Similar to
the calibrated values, the measured PSD of the surface
layer and the 50–89 cm depth were the greatest values.
0.06 (8–50 cm) 0.06 23.1
0.11 (50–89 cm) 0.11
0.10 (89–130 cm)  0.07
Bubbling pressure (hb, cm) 5.0 (0–8 cm)  4.6 7.3 Similar to the measured values (Ma et al., 2007a)
5.2  (8–50 cm)  6.0 6.7
5.0 (50–89 cm) 5.0
2.0  (89–130 cm)  2.0
Lateral hydraulic gradient (LHG, dimensionless) 1.0E−5 4.0E−5 17.2 Ma  et al. (2007b) reported the LHG for plots 14 and 13 of
1.1E−5 and 1.7E−5, respectively. Therefore, the trend of
greater LHG for no-till is similar to Ma et al. (2007b)
Surface crust Ks, cm/h 0.056 0.053 13.6 Greater than the RZWQM input values discussed as
reasonable by Malone et al. (2004b) and equal to or less
than measured values of Rawls et al. (1990)
Number of percolate producing macropores
(Nmac, cm−2)
0.020 0.034 29.1 Within the range of ﬁeld tension inﬁltrometer
measurements and laboratory measurements on
undisturbed soil blocks (Malone et al., 2003).
Nmac = 2*“active” macropores
Macropore radius (Rmac, cm)  0.12 0.10 17.9 Within the range of previous RZWQM input on tilled and
no-till soil (Malone et al., 2003)
Lateral saturated hydraulic conductivity (LKs,
cm/h)
5.4 5.0 5.5 Approximately half the value calibrated from Ma  et al.
(2007b)
Atrazine partition coefﬁcient normalized for soil
carbon (Koc, ml/g)
244.5 244.5 100.0 Comparable to measured values for Nashua Iowa
(Moorman et al., 2001). Measured Koc values were 187 and
485 ml/g for 0–15 and 100–115 cm soil
Atrazine ﬁrst-order half-life (t0.5, day) 46.4 46.4 25.8 Comparable to the measured and RZWQM calibrated
values for Nashua Iowa (Azevedo et al., 1997; Weed et al.,
1995)
Express fraction (EXF; dimensionless) 0.03 0.03 1.5 Equal to the assumed fraction if all active macropores in
vicinity of the drain were connected to the drain. Drain
spacing is 29 m.
([0.5*29]−1*0.5 = EXF = 0.03; Fox et al., 2004)
Non-uniform mixing factor (B1, cm−1) 6.0 4.4 Not calibrated See Malone et al. (2003)
a The parameter sensitivity was obtained by inverse modeling for plot 13 (tilled soil) based on the weekly ﬂow weighted atrazine concentration (FWAC) over the ﬁve year
simulation. Relative Composite Sensitivity (RCS) is expressed as a percentage of the maximum relative composite sensitivity.
Nolan et al. (2010). The RCS measures the composite changes in
model predictions based on a fractional change of a parameter value
(Doherty, 2004). Here, we normalize RCS to the maximum value
obtained for the parameters and express as percent.
2.3.3. Model testing
The calibrated model was tested using the no-till plot atrazine
transport in subsurface drain ﬂow from 1993 to 1995. Although not
formally tested, results of hydrology are brieﬂy discussed because
of their inﬂuence on atrazine transport to drain ﬂow. Similarly, Li
et al. (2008) tested RZWQM for its estimate of the effects of cover
crop treatments on drain ﬂow nitrate loss while using the entire
dataset to optimize the hydrology component. An additional reason
we did not thoroughly test and discuss the hydrology component
is RZWQM was previously thoroughly evaluated for simulation of
hydrology at the Nashua site (e.g., Ma  et al.) and has been thor-
oughly evaluated and deemed acceptable for simulation of drain
ﬂow using several different Iowa datasets (e.g., Thorp et al., 2007).
In brieﬂy discussing the annual drain ﬂow simulations compared
to observed data, we use the Root Mean Square Error (RMSE) as a
performance indicator.
One of the main indicators used for model evaluation is the
Nash–Sutcliffe efﬁciency (EF, Nash and Sutcliffe, 1970)
EF = 1 −
∑n
i=1(Pi − Oi)
2
∑n
i=1(Oi − O)
2
(6)
where O is the mean of observed values, Pi are the model esti-
mated values, Oi are the observed values, and n are the number
of data pairs. Model simulations can be considered satisfactory
under a monthly time step if EF > 0.5 (Moriasi et al., 2007). The
value of EF when model estimates perfectly match observed data
is 1.0. Values for EF less than zero indicate that the average of
observed measurements were a better estimator than the model.
Other applied indicators of model performance include plotting
and/or discussing: observed and simulated soil atrazine concen-
trations; observed and simulated average annual FWAC differences
between no-till and till plots; parameterization such as differences
between tillage systems. The percentage of simulated values that
lay within a factor of 2 and 5 of observed values have been used as
the primary measure of the goodness-of-ﬁt of pesticide simulations
in tile ﬂow and discussed as superior to EF for pesticide simulations
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Fig. 1. Observed (obs) and RZWQM (RZ) weekly drain ﬂow atrazine concentrations, atrazine ﬂux, and drain ﬂow amount. (a) is plot 14 drain ﬂow. (b) is plot 13 drain ﬂow. (c)
is  the drain ﬂow difference between plots 14 and 13. (d) is plot 14 atrazie concentration. (e) is plot 13 atrazine concentration. (f) is cumulative atrazine ﬂux in drain ﬂow for
1990–1992 and 1993–1995. The performance index is zero if either the observed or simulated atrazine concentration is equal to zero. The performance index of 1, 2, and 3
indicates if the observed and simulated values are: within a factor of two (PI = 1), within a factor of ﬁve (PI = 2), exceed ﬁve (PI = 3). Plot 14 is no-till and plot 13 is moldboard
plow  (1990–1992) and chisel-plow (1993–1995). Note that the x-axis is scaled by sampling events and not time.
(Larsson and Jarvis, 1999). Other pesticide model evaluations have
considered simulations near or within a factor of two  times that
observed good model performance (e.g., Malone et al., 2004b; Ma
et al., 2000).
2.3.4. RZWQM simulations at different atrazine application rates
Some features of this ﬁeld experiment added complexity to
interpreting the data. For example, atrazine was applied at a rate of
2.8 kg/ha in 1990–1992 and 0.6 kg/ha in 1993–1995. Also, atrazine
was applied to the tilled plot in 1994, but not to no-till. Therefore,
we used the calibrated and tested RZWQM to study the effects of
four atrazine application rates (0.5, 1.0, 2.0, and 3.0 kg/ha) under
till and no-till systems when corn was planted each year from
1990 to 1995 and atrazine was applied at a constant rate each year
throughout the six-year study.
3. Results and discussion
3.1. Model testing
3.1.1. Drain ﬂow
Fig. 1a and b shows the weekly observed and simulated subsur-
face drain ﬂow from 1990 to 1995. The Nash–Sutcliffe coefﬁcient
(EF) for weekly drain ﬂow over the six-year study was 0.57 for the
tilled plot and 0.64 for the no-till plot. Recent subsurface drain
ﬂow modeling research using RZWQM for nitrate or PESTDRAIN
for pesticides report EF values for drain ﬂow between 0.62 and 0.84
(Malone et al., 2010) and 0.57 and 0.69 (e.g., Branger et al., 2009).
The average annual drain ﬂow was under predicted by 1.4 and
3.7 cm/year for the no-till and till plots, respectively (Table 2),
which is within 20% of observed. The RMSE was  4.0 and 5.6 cm
for the no-till and till plots, respectively. Ma et al. (2007b) reported
similar RMSE values at this same site for RZWQM simulations of
annual tile drainage and commented that these values are close
to the average RMSE for the measured drain ﬂow data between
replicates (5.7 cm).
The under predicted drain ﬂow could be partly due to RZWQM
over predicted runoff, RZWQM over predicted ET, or under reported
rainfall input into RZWQM. Ma  et al. (2007b) discussed that runoff
may  be over predicted at the Nashua Iowa site because RZWQM
lacks a surface storage component. Also, RZWQM may have over
predicted evapotranspiration at this site compared to ﬁeld mea-
surements (Ma  et al., 2007b). Evapotranspiration (ET) is the sum of
evaporation and transpiration listed individually in Table 3. Aver-
age annual RZWQM predicted runoff and ET were approximately 7
and 64 cm/year for both plots (Table 3), which were planted with
continuous corn except in 1994 when the no-till plot was planted
with soybean. Furthermore, Larsson and Jarvis (1999) report that
the model MACRO may  under predict drain ﬂow because of errors
in rainfall measurement due to wind drift, which may be under
reported by 2–17%.
The calibrated model adequately simulated the pattern of
weekly and annual drain ﬂow differences between the two plots
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Table 2
Annual precipitation and observed and simulated drain ﬂow, atrazine loss, and ﬂow weighted atrazine concentration (FWAC) in drain ﬂow.a
Year Prec. (cm) Drain ﬂow (cm) Atrazine loss in drainage (g/ha) FWAC (g/L)
obs14 RZ14 obs13 RZ13 obs14 RZ14 obs13 RZ13 obs14 RZ14 obs13 RZ13
1990 118.8 28.2 23.0 11.8 15.0 13.9 8.2 1.7 0.9 5.3 4.2 1.9 1.2
1991  105.8 34.6 29.9 22.4 22.9 13.9 11.8 3.0 3.3 4.4 4.0 1.5 1.5
1992  84.4 16.5 11.0 15.9 8.5 1.4 1.2 0.2 0.4 1.6 1.3 0.6 0.6
1993  116.3 46.9 50.6 45.1 36.7 4.5 4.6 1.8 3.5 1.0 0.9 1.0 1.0
1994  86.3 8.6 10.6 8.1 2.4 0.6 0.7 0.2 0.2 0.7 0.9 0.6 0.8
1995  93.7 15.9 17.2 15.0 10.2 0.9 1.4 0.3 0.7 0.6 0.8 0.6 0.7
Average  over several years
1990–1992 103.0 26.4 21.3 16.7 15.5 9.7 7.1 1.6 1.5 3.7 3.2 1.3 1.1
1993–1995 98.8 23.8 26.1 22.7 16.5 2.0 2.2 0.8 1.5 0.8 0.9 0.7 0.8
1990–1995 100.9 25.1 23.7 19.7 16.0 5.9 4.6 1.2 1.5 2.3 2.0 1.0 0.9
a Atrazine loss and ﬂow weighted concentrations were calculated using dates where concentration was ≥0.5 g/L, which is close to the detection limit (lowest reported
sample was 0.3 g/L). This calculation technique partially contributes to different observed ﬂux compared to Kumar et al. (1998). Also, we calculate ﬂux using weekly ﬂow
weighted concentrations while Kumar et al. (1998) calculated annual atrazine ﬂux using average monthly concentrations. Drain ﬂow was  calculated using all data. Observed
and  RZWQM simulated data for plots 13 (till) and 14 (no-till) are obs13, obs14, RZ13, and RZ14.
Table 3
RZWQM simulated annual water budget, annual subsurface drain ﬂow atrazine loss, and ﬂow weighted annual atrazine concentration (FWAC).
Year P (cm) E (cm) T (cm) DS (cm) TD (cm) LF (cm) RO (cm) Atrazine loss (g/ha) FWAC (g/L)
Plot 13 (till)
1990 118.8 22.8 51.0 0.0 15.0 12.9 11.7 1.0 0.7
1991  105.8 21.3 35.3 0.0 22.9 10.2 10.3 3.4 1.5
1992  84.4 15.8 45.4 0.0 8.5 10.4 4.9 0.8 0.9
1993  116.3 24.9 26.6 0.0 36.8 20.7 8.0 3.6 1.0
1994  86.3 28.5 45.8 0.0 2.6 4.7 3.0 0.2 0.8
1995  93.7 19.7 47.6 0.0 10.2 10.8 3.9 0.7 0.7
Ave.  100.9 22.1 41.9 0.0 16.0 11.6 7.0 1.6 0.9
Plot  14 (no-till)
1990 118.8 20.5 51.4 0.0 23.1 4.2 11.6 8.0 3.5
1991  105.8 21.6 37.4 0.0 30.0 3.1 10.5 11.7 3.9
1992  84.4 15.1 47.7 0.0 10.9 3.7 4.9 1.9 1.7
1993  104.9 16.0 35.3 0.0 50.2 7.9 7.6 4.7 0.9
1994  76.9 26.8 35.3 0.0 10.5 5.5 4.4 0.8 0.8
1995  77.9 28.2 48.0 0.0 17.2 3.8 3.8 1.4 0.8
Ave.  100.9 21.4 42.5 0.0 23.7 4.7 7.1 4.8 1.9
P is precipitation; E is soil evaporation; T is crop transpiration; DS is deep seepage; TD is “tile” drain ﬂow; LF is lateral ﬂow; RO is runoff.
for the most part compared to observed data (Fig. 1c; Table 2).
For example, 73% of the observed weekly differences and 100% of
simulated differences were equal to or greater than zero (Fig. 1c).
Ma  et al. (2007c) deemed RZWQM adequate to simulate drain ﬂow
differences between tillage systems with 70% of annual simulated
tillage differences in the same direction as observed (i.e., both
observed and simulated treatment differences positive or nega-
tive). All (100%) of the annual simulated and observed drain ﬂow
were greater for the no-till plot (Table 2). The 7.7 cm/yr greater
simulated tile drainage for the no-till plot was mostly due to
6.9 cm/yr less simulated subsurface lateral ﬂow off the plot. The
average annual simulated differences between plots for deep seep-
age, runoff, and ET were less than or equal to 0.3 cm/yr (Table 3).
To investigate the RZWQM simulated water balance, we  changed
the lateral hydraulic conductivity (LKs) and lateral hydraulic gradi-
ent (LHG) of the tilled plot to that of no-till. This resulted in similar
tile ﬂow and lateral ﬂow for the two tillage treatments (till aver-
age annual tile ﬂow of 23.4 cm/yr and lateral ﬂow of 4.1 cm/yr). Ma
et al. (2007a) also showed that decreasing the LHG resulted in less
lateral ﬂow and more drain ﬂow. Changing the macropore param-
eters of the tilled plot to that of no-till resulted in the drain ﬂow to
only decrease from 16.0 to 15.9 cm.  In a single variable sensitivity
analysis, Malone et al. (2004b) showed that individually increas-
ing macropore radius and number of macropores (Rmac and Nmac)
resulted in increased percolate and decreased runoff. For the cur-
rent study, the macropore radius was greater for the no-till plot and
the number of macropores was greater for the tilled plot (Table 1).
3.1.2. Atrazine in soil
The total soil proﬁle atrazine for till and no-till plots were sim-
ulated with an EF of 0.79 and 0.64, respectively (Fig. 2). Among
the greatest deviations between predicted and measured atrazine
was for the no-till plot on June 23, 1992. Atrazine in soil was over
predicted under no-till, partially because tillage was not simulated
0
0.5
1
1.5
2
2.5
3
3.5
3/28/1990
9/27/1990
3/29/1991
9/28/1991
3/29/1992
9/28/1992
3/30/1993
9/29/1993
3/31/1994
9/30/1994
4/1/1 995
10/1/1995
At
ra
zin
e 
in
 s
oi
l p
ro
ﬁl
e 
to
 1
20
 cm
 (k
g/
ha
)
Date
obs13
RZ13
obs14
RZ14
applicaon rate
Fig. 2. Observed (obs) and RZWQM (RZ) atrazine in the soil proﬁle. No atrazine was
applied to plot 14 in 1994. Plot 13 is till and plot 14 is no-till.
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1995; 0–10 cm,  Oct. 1994). Plot 13 is tilled and plot 14 is no-till.
(as discussed in section 2.3.2). Without simulated tillage, simulated
surface crop residue was  nearly equal for the till and no-till plots.
Atrazine is predicted to degrade considerably faster on crop residue
with a default half life of 15 days compared to soil with a calibrated
half life of 46 days (Table 1).
Soil concentrations at various depths through the proﬁle on 21
speciﬁc dates from 1990 to 1995 were simulated within an order
of magnitude of observed for the most part for both plots (Fig. 3).
The lower concentrations are under predicted to a slightly greater
degree than higher concentrations partly because pesticide degra-
dation can slow down with time or be concentration dependant
(e.g., Sarmah and Close, 2009). Sarmah and Close (2009) showed
that atrazine dissipation in New Zealand soil slowed slightly during
the ﬁrst 120 d after application. Also, Weed et al. (1995) reported
that a ﬁrst order dissipation model underestimated the carryover
of atrazine into the next growing season at this site near Nashua,
Iowa. Atrazine was not applied to the no-till plot in 1994 resulting
in soil atrazine concentrations to be under predicted by more than
a factor of 15 on both October 28, 1994 for the 0–10 cm depth incre-
ment and May  17, 1995 for the 10–20 cm depth increment (Fig. 3).
Atrazine was not applied to the no-till plot in 1995 until May  16.
3.1.3. Atrazine in drain ﬂow
Fig. 1d and e shows the observed and simulated weekly ﬂow
weighted atrazine concentration in subsurface drain ﬂow (FWAC)
from 1990 to 1995 for the no-till and till treatments. For the no-
till plot during the calibration years (1990–1992), 71% of simulated
weekly FWAC were within a factor of 2 of observed and 84% within
a factor of 5 when drainage was occurring and both observed and
simulated concentrations were greater than zero. These simula-
tion results are similar to Larsson and Jarvis (1999) where 66%
of the simulated bentazone concentrations in tile drainage were
within a factor of 2 of the measured values, and 89% within a fac-
tor of 5. Fig. 1d and e includes a performance index indicating
when the ratio between observed and simulated atrazine concen-
tration for a sampling event is less than two, between 2 and 5,
and greater than 5. For the no-till plot during the validation years
(1993–1995), 94% of simulated weekly FWAC were within a factor
of 2 of observed and 100% within a factor of 5 (Fig. 1d). The sim-
ulations were also very good for the tilled plot during 1993–1994
(84% within a factor 2 and 100% within a factor of 5; Fig. 1e), but less
accurate for 1990–1992 (45% within a factor of 2 and 75% within a
factor of 5). Most of the poor simulations for both plots were dur-
ing 1990 (Figs. 1d and e), which could be partly due to variability
in the atrazine application rate. In 1990 the reported application
rate was  2.8 kg/ha on May  2 while the measured soil concentration
on May  30 was  nearly 2.8 kg/ha and the simulated soil concentra-
tions were approximately 2 kg/ha (Fig. 2; an approximately 30%
higher measured soil concentration than predicted). The annual
average simulated tile drainage concentrations in 1990 were under
predicted by approximately 20–40% (Table 2). Larsson and Jarvis
(1999) comment that spatial variability of Bromide application may
contribute to poor tile ﬂow simulations. Despite several sampling
events with inaccurate atrazine concentration simulations com-
pared to observed data, the average annual FWAC was predicted
within ±0.3 g/L of observed concentrations and the annual FWAC
were simulated within a factor of two  of observed concentrations
every year (Table 2).
Although the model does not accurately reﬂect all the weekly
concentration changes, the dynamics of cumulative atrazine ﬂux
in drainage for the calibration (1990–1992) and validation years
(1993–1995) for the no-till plot are accurately simulated with an
EF of 0.62 and 0.93, respectively (Fig. 1f). This is comparable to
Branger et al. (2009), where an EF of 0.65 or less was reported for
cumulative herbicide (isoproturon) ﬂux in drainage and discussed
as acceptable for pesticide simulations. The tilled plot cumulative
atrazine ﬂuxes were simulated accurately for 1990–1992 (EF = 0.90;
Fig. 1f), but less accurately for 1993–1995 due to over predicted ﬂux
in 1993 that persisted through 1995 (EF = −2.76). The tilled plot
over predicted cumulative atrazine ﬂux in 1993 is because of an
observed concentration recorded as 0.0 g/L for the 1993.7 sample,
where the other ﬁve 1993.7 samples for the associated/replicated
tilled and no-till plots (plots 22, 35, 31, 14, and 25) had concentra-
tion records ranging from 0.8 to 1.7 g/L. The tilled plot simulated
and observed cumulative atrazine ﬂuxes for 1993.7 were 3.3 and
1.5 g/L, respectively and for the previous sample period (1993.5)
were 2.0 and 1.5 g/L, respectively (Fig. 1f). Also, the average annual
simulated atrazine ﬂux was within ±25% of observed and within a
factor of two of observed every year except for the tilled plot in
1995 when the concentrations were relatively low. This all sug-
gests that the atrazine ﬂux is simulated acceptably compared to
observed data on an annual basis and cumulative weekly basis.
Note that the annual atrazine ﬂux reported in Table 2 cannot be
calculated from the annual ﬂow weighted atrazine concentrations
and tile ﬂow reported in Table 2 because the tile ﬂow was com-
puted using all data while the atrazine data was computed using
only samples where the concentration was ≥0.5 ppb.
The model accurately responded to lower observed atrazine
concentration in drain ﬂow in 1993–1995 compared to 1990–1992
(Table 2), partly because atrazine application rates were lower from
1993 to 1995. Other reasons for the lower concentrations in the
later years could be due to the rainfall patterns and the associated
macropore ﬂow characteristics, which are discussed below in Sec-
tion 3.3. The no-till plot observed and simulated average annual
FWAC for the model testing period (1993–1995) were 0.8 and
0.9 g/L, respectively and for the calibration period (1990–1992)
were 3.7 and 3.2 g/L, respectively (Table 2). Therefore, the no-
till plot observed and simulated FWAC ratios between 1990–1992
and 1993–1995 were both approximately 4 (Table 2; 3.7/0.8 = 4.6;
3.2/0.9 = 3.6).
The model accurately responded to lower observed atrazine
concentration in the tilled plot compared to the no-till plot
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subsurface drain ﬂow between plots 14 (no-till) and 13 (till).
(Table 2). The average annual observed and simulated FWAC dif-
ferences between the no-till and tilled plots were 1.3 and 1.1 g/L,
respectively (Table 2; e.g., 2.3–1.0 = 1.3 g/L). The simulated and
observed annual FWAC differences between the no-till and tilled
plots were less during the low atrazine application years compared
to the high application years. For 1993–1995 the average observed
and simulated differences were 0.1 and 0.1 g/L, respectively and
for 1990–1992 the observed and simulated differences were 2.4
and 2.1 g/L, respectively. Furthermore, the model accurately sim-
ulated the annual FWAC difference each year between the no-till
and tilled plots compared to the observed data (Fig. 4; R2 = 0.99;
slope = 0.88; n = 6; Table 2).
3.2. Model parameter discussion
The calibrated surface crust and surface soil hydraulic con-
ductivities (Ks) were nearly equal for the till and no-till plots
while the macropore radius (Rmac) was slightly greater for no-
till (Table 1). The calibrated number of “active” macropores (i.e.,
half of percolate producing) was less for no-till (0.5*Nmac; Table 1;
0.01 and 0.017 cm−2). Kumar et al. (1998) also report greater Nmac
under moldboard tillage than no-till. The calibrated values of these
parameters between the two plots also correspond to previous
RZWQM assessments under different tillage systems (Malone et al.,
2003, 2004b). The greater Nmac for till resulted in more of the
soil matrix contributing to pesticide sorption (WVOL) resulting
in lower pesticide transport through macropores (Eq. (2); Fig. 5;
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Fig. 5. Soil volume surrounding macropores available for sorption of atrazine per
total  soil volume at each depth increment as described by Eq. (2) (WVOL; cm2/cm2).
Malone et al., 2004a). Malone et al. (2004a) discussed that less her-
bicide can leach with greater Nmac because water and chemicals
transported into macropores are distributed between more mac-
ropores than with smaller Nmac. Therefore, more soil was  available
for chemical partitioning per mass of chemical for the tilled plot.
The greater Rmac for the no-till plot compared to the tilled plot only
slightly increased the soil matrix contributing to pesticide sorp-
tion (WVOL), and the effect of Rmac on WVOL was dwarfed by Nmac
(Fig. 5). It should be noted that under some conditions Rmac can
have a very large effect on pesticide transport through macropores
because greater Rmac can result in a much larger volume of macro-
pore ﬂow (Malone et al., 2004b). Expounding on the contributions
of Rmac and Nmac to WVOL, the WVOL of the till and no-till plots
were 0.026 and 0.016 cm2/cm2, respectively (Eq. (2); Fig. 5). Under
the conditions of this study, the relative composite sensitivity val-
ues (RCS) also suggest that FWAC is more sensitive to Nmac than to
Rmac and the RCS value of Nmac is greater than atrazine half life (t0.5)
(Table 1).
The lateral hydraulic conductivity and lateral hydraulic gradient
(LKs and LHG) were less sensitive than the macropore parame-
ters for affecting FWAC. Changing the LKs and LHG of the tilled
plot to that of no-till resulted in the average annual mass trans-
port of atrazine in tile drainage to increase from 1.6 to 2.1 g/ha but
the average annual FWAC remained constant at 0.9 g/L (Table 3).
Note that the simulated average annual atrazine loss and FWAC of
Tables 2 and 3 were different for the same plot because the values
reported in Table 2 were computed using simulated concentrations
≥0.5 g/L and only included data when observed samples were col-
lected while Table 3 uses all RZWQM simulated data. Decreasing
the LKs of the tilled plot by a factor of 2 without changing other
parameters resulted in the average annual FWAC to only increase
slightly (to 1.0 g/L). Changing the tilled plot Nmac and Rmac to that
of no-till while keeping the other parameters constant resulted
in the average annual mass transport of atrazine in tile drainage
to increase from 1.6 to 5.1 g/ha and the average annual FWAC to
increase from 0.9 to 3.0 g/L. Therefore, the LKs and LHG have
little effect on the FWAC under the simulated conditions but the
macropore parameters greatly affect FWAC. Also, the RCS values
suggest that FWAC was less sensitive to LKs and LHG than to Nmac
with the sensitivity order of selected RZWQM input parameters:
Koc > Nmac > t0.5 > Rmac > LHG > LKs (Table 1).
In 1990 atrazine was  applied on May  2. After atrazine applica-
tion, the ﬁrst storm with substantial simulated atrazine transport
into macropores occurred on May  19, 1990 when 6.0 cm of rainfall
was recorded and 3.3 and 3.5 cm of overland ﬂow were simu-
lated to enter macropores for the till and no-till plots, respectively
(Fig. 6a). Macropore ﬂow detailed output for this storm with 3 kg/ha
of atrazine applied each year to both plots revealed that 246 and
175 g/ha atrazine was  simulated to enter macropores for the till
and no-till plots, respectively (Fig. 6b). Although till had 71 g/ha
more atrazine enter macropores partly because of lower surface
soil pore size distribution index (PSD; Malone et al., 2003), it had
124 g/ha more sorption to macropore walls on surface 40 cm of
soil mostly because of higher Nmac (Figs. 5 and 7; Table 1). The
water table was  rarely shallower than 40 cm below the soil sur-
face in 1990 (Fig. 6d), reducing movement of atrazine into drain
water. This is in contrast to Malone et al. (2003) where the no-
till treatment had more atrazine enter macropores and leach to
30 cm due to lower inﬁltration capacity in the 8–30 cm soil depth
causing faster initiation of macropore ﬂow. The atrazine entering
macropores that did not leach to the tile drain depth and was
not sorbed to walls entered matrix soil through lateral capillary
ﬂow. The RCS values suggest that FWAC was more sensitive to
Nmac and Rmac than to the saturated hydraulic conductivity (Ks)
of the surface soil layer and surface crust hydraulic conductivity
(Table 1).
R.W. Malone et al. / Agricultural Water Management 132 (2014) 10– 22 19
Fig. 6. RZWQM daily water table depth, atrazine concentration ratio in drain ﬂow, and macropore ﬂow characteristics. Atrazine was spring applied each year at a rate of
3  kg/ha for both plots 13 and 14. (a) is daily water ﬂow into macropores. (b) is daily atrazine transport into macropores. (c) is daily ﬂow weighted atrazine concentration
(FWAC)  ratio in drain ﬂow (NT/till). (d) is daily water table depth for plot 13. Plot 13 is till and plot 14 is no-till (NT).
Kumar et al. (1998) attributed the greater atrazine transport
under no-till compared to tilled systems to greater LKs; however,
atrazine concentrations and LKs were not included in the sensi-
tivity analysis and the reasons for greater atrazine concentrations
in the no-till plot were not clear. In the current study, the sensi-
tivity analysis was based on atrazine concentrations in drain ﬂow
and all PEST optimized parameters were included. In contrast to
greater RZWQM simulated pesticide transport to subsurface soil
with fewer “active” macropores (e.g., Malone et al., 2001, 2004b),
the RZWQM sensitivity analysis of Kumar et al. (1998) found greater
simulated atrazine transport to subsurface drains/soil with greater
macroporosity, perhaps because of greater overland ﬂow simulated
to enter macropores. However, the no-till plots were parameterized
with a smaller macroporosity than the tilled plots by Kumar et al.
(1998). Similar to Malone et al. (2001, 2004b), the sensitivity anal-
ysis of Kumar et al. (1998) found that a smaller Ks of the surface soil
resulted in greater pesticide transport to subsurface drains/soil but
the no-till plots were parameterized with a greater surface layer Ks
than the tilled plots.
3.3. RZWQM simulated atrazine concentrations in drainage
under different application rates and tillage
As shown above in Section 3.1.3, both the observed and sim-
ulated results suggest that the FWAC difference between plots
was less for the later period (1993–1995) compared to the ear-
lier period (1990–1992). The reason for this difference between
periods, however, still needs to be addressed. For example, was  it
due to different atrazine application rates, different weather con-
ditions, or the absence of atrazine application to the no-till plot
in 1994? Therefore, we simulated atrazine transport in drain ﬂow
with atrazine applied at constant rates every year to both tillage
treatments using the optimized RZWQM (Table 1). To investigate
the effect of application rates on atrazine concentration in drain
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Table 4
RZWQM simulated annual ﬂow weighted atrazine concentrations (FWAC, g/L) at four different application rates (0.5, 1.0, 2.0, and 3.0 kg/ha) for the two tillage systems.a
Year Till No-till
Annual atrazine application rate (kg/ha)
0.5 1 2 3 0.5 1 2 3
FWAC (g/L)
1990 0.1 0.2 0.5 0.7 0.6 1.2 2.5 3.7
1991  0.3 0.5 1.1 1.6 0.7 1.4 2.8 4.2
1992  0.2 0.3 0.7 1.0 0.3 0.6 1.2 1.8
1993  0.2 0.5 1.0 1.4 0.2 0.5 0.9 1.4
1994  0.2 0.4 0.7 1.1 0.2 0.5 0.9 1.4
1995  0.2 0.5 0.9 1.4 0.3 0.6 1.3 1.9
Average FWAC over several years (g/L)
1990–1992 0.2 0.4 0.7 1.1 0.5 1.1 2.2 3.3
1993–1995  0.2 0.4 0.9 1.3 0.3 0.5 1.0 1.6
1990–1995  0.2 0.4 0.8 1.2 0.4 0.8 1.6 2.4
Average FWAC/atrazine application rate (e.g., 2.41/3 = 0.80; 1.61/2 = 0.80)
1990–1992 0.37 0.37 0.37 0.37 1.08 1.08 1.08 1.08
1993–1995 0.44 0.44 0.44 0.44 0.53 0.52 0.52 0.52
1990–1995  0.40 0.40 0.40 0.40 0.80 0.80 0.80 0.80
a Annual drain ﬂow for each plot was the same as Table 3 except plot 14 (no-till) had 5.7 and 14.7 cm of drainage for 1994 and 1995, respectively due to corn planting in
1994.  Drain ﬂow was  not affected by atrazine application rate.
ﬂow, we ran the model under four different application rates with
constant rates applied every year.
Applying constant atrazine application rates each year to each
plot resulted in a proportional increase in overall FWAC (g/L)
with increasing atrazine application rates. The FWAC is equal
to 0.40*rate for the tilled plot and 0.80*rate for the no-till plot
(R2 = 1.00; Table 4, bottom row). Therefore, the FWAC for the no-till
plot was twice that of the tilled plot for each atrazine application
rate over the time period (1990–1995). However the difference
between tillage systems was more pronounced in the early period,
with no-till/till FWAC ratios of 3.0 and 1.2 for 1990–1992 and
1993–1995, respectively (e.g., 3.3/1.1 = 3.0, for the high applica-
tion rate; Table 4). These ratios were constant among each of the
four application rates. This suggests that the weather contributed to
the early (1990–1992) and late period (1993–1995) tillage system
effects on FWAC.
The characteristics of storms that drive relatively large quan-
tities of atrazine to macropores may  affect FWAC differences
between tillage systems and time periods (1990–1992 and
1993–1995). Large storms shortly after pesticide application drive
pesticide transport to macropores because smaller storms wash
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Fig. 7. RZWQM simulated atrazine sorbed to macropore walls at the end of rain-
fall on May 19, 1990 and May  21, 1993 for plots 13 (till) and 14 (no-till). Atrazine
application rate was  3 kg/ha on May  2, 1990 and May  17, 1993.
pesticide into the soil matrix where it is less available for trans-
port to macropores (Shipitalo et al., 1990). The rapid and direct
transport of pesticides in macropores to drainage systems may
occur infrequently (only every few years) under spring application
(Lewan et al., 2009). Therefore, we  investigated the macropore ﬂow
details of a few large storms with annual atrazine application rates
of 3 kg/ha for each plot.
The ﬁrst instance of the daily FWAC ratio between the no-till
and till plots exceeding 10 was on May  20, 1990 (no-till/till), which
was the ﬁrst large movement of atrazine into macropores (Fig. 6b
and c). The relatively large FWAC ratio persisted into 1991where
the ratio remained above 10 through April 6 then dropped to 4.8
when tiles began ﬂowing again for both plots on April 12. Some
details of the RZWQM simulated macropore ﬂow associated with
this storm were described in Section 3.2.
The largest storm over all six years transporting atrazine into
macropores occurred on May  21, 1993 (Fig. 6b). However, this
storm did not result in as large a FWAC ratio as 1990. Part of
the reason for this is the timing and characteristics of macrop-
ore ﬂow resulted in little atrazine transport in macropores below
40 cm (Fig. 7). One of these characteristics includes the average
atrazine concentrations entering macropores, which were 2256
and 1916 g/L for the till and no-till treatments, respectively. These
concentrations were more than three times greater than the May
19, 1990 storm resulting in more than twice the atrazine sorption
to macropore walls in the surface 40 cm of soil (Fig. 7). Atrazine
sorption to the surface 40 cm of soil for the till and no-till plots
were 568 and 334 kg/ha, respectively. Total atrazine movement into
macropores was  573 g/ha and 343 g/ha, respectively for the till and
no-till plots, with 2.54 and 1.79 cm of overland ﬂow. Therefore, little
atrazine moved below 40 cm and the water table never rose above
38 cm from the soil surface in 1993 (Fig. 6d), which contributed to
a small FWAC ratio in 1993 compared to 1990.
The tiles were not draining for the intense storm driving over
200 g/ha atrazine into macropores on May  23, 1994 (Fig. 7b). The
relatively large storm on June 23, 1994, however, resulted in 42 g
of simulated atrazine to enter macropores for the tilled plot which
contributed to the increased FWAC ratio (from approximately 1.1
in May  to 1.5 on June 23).
These results illustrate the complex interactions between rain-
fall patterns, macropore ﬂow, tillage, and pesticide losses in
subsurface drainage. The review article by Reichenberger et al.
(2007) stated that “the limited amount of available literature
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suggests that the effects of . . . tillage operations . . . on pesticide
losses via drainage and leaching are insufﬁciently known and at
best unpredictable”. The complexity of this subject requires more
research; however, our results suggest that RZWQM can accurately
predict the effects of tillage systems on pesticide losses via drainage
under a range of rainfall conditions and high and low atrazine appli-
cation rates.
4. Summary and conclusions
The results of this study along with the earlier study by Kumar
et al. (1998) suggest that RZWQM can generate realistic simula-
tions of pesticide transport to subsurface drains under different
tillage systems. The current study also suggests that the model
can accurately simulate atrazine transport to subsurface drains
under different application rates for six years of weather condi-
tions (1990–1995). Part of the observed atrazine concentrations in
subsurface drain ﬂow were used for model calibration and the last
three years of data from the no-till plot were reserved for model
testing.
The calibrated model parameters were reasonable compared
to measurements at the site and literature sources. The number
of “active” macropores was a sensitive input parameter that was
calibrated to be greater for the tilled plot compared to the no-till
plot, which conﬁrms that a greater number of “active” macropores
per unit area results in more soil available for pesticide sorption
(Malone et al., 2004a). The number of macropores was the second
most sensitive parameter affecting pesticide concentration in sub-
surface drain ﬂow while the atrazine partition coefﬁcient was the
most sensitive parameter.
Both the observed and simulated results suggest that the
atrazine concentrations in subsurface drain ﬂow were greater for
the no-till plot compared to the tilled plot. Our simulation results
suggest this difference was mostly because of the number of mac-
ropores per unit area. Both the observed and simulated drain ﬂow
atrazine concentration differences between tillage systems were
greater during the ﬁrst three years of the experiment (1990–1992)
when atrazine application rates were greater compared to the
last three years (1993–1995). Our modeling results suggest this
difference between periods is partly due to macropore ﬂow char-
acteristics. The last three years of observed data were obtained
under lower atrazine application rates, lack of atrazine application
to the no-till plot in 1994, along with different rainfall character-
istics. These factors complicated interpretation of the year-to-year
observed differences. Our simulations with four different atrazine
application rates (0.5, 1.0, 2.0, and 3.0 kg/ha) suggest that applying
a constant atrazine rate each year to each plot resulted in (1) a lin-
ear increase of ﬂow weighted atrazine concentration (FWAC) with
increasing application rates, (2) FWAC for the no-till plot was  twice
that of the tilled plot over the six year simulation period, and (3)
the difference between tillage systems was greater during the ﬁrst
three years of the experiment than the last three years partly due
to the characteristics of macropore ﬂow during large storms.
References
Ahmed, I., Rudra, R., McKague, K., Gharabaghi, B., Ogilvie, J., 2007. Evaluation of the
Root  Zone Water Quality Model (RZWQM) for Southern Ontario: part I. Sen-
sitivity analysis, calibration, and validation. Water Quality Research Journal of
Canada 42, 202–218.
Ahuja, L.R., Ma,  L., Howell, T.A., 2002. Whole system integration and
modeling—essential to agricultural science and technology in the 21st
century. In: Ahuja, L.R., Ma,  L., Howell, T.A. (Eds.), Agricultural System Models
in  Field Research and Technology Transfer. CRC Press, Boca Raton, FL, pp. 1–9.
Arias-Estevez, M.,  Lopez-Periago, E., Martinez-Carballo, E., Simal-Gandara, J., Mejuto,
J.C., Garcia-Rio, L., 2008. The mobility and degradation of pesticides in soils and
the pollution of groundwater resources. Agriculture Ecosystems and Environ-
ment 123, 247–260.
Azevedo, A.S., Kanwar, R.S., Singh, P., Ahuja, L., Pereira, L.S., 1997. Simulating atrazine
transport using root zone water quality model for Iowa soil proﬁles. Journal of
Environmental Quality 26, 153–164.
Battaglin., W.A., Furlong, E.T., Burkhardt, M.R., Peter, C.J., 2000. Occurrence of sul-
fonylurea, sulfonamide, imidazolinone, and other herbicides in rivers, reservoirs
and ground water in the Midwestern United States. Science of the Total Envi-
ronment 248, 123–133.
Branger, F., Tournebize, J., Carluer, N., Kao, C., Braud, I., Vauclin, M.,  2009. A sim-
pliﬁed modelling approach for pesticide transport in a tile-drained ﬁeld: The
PESTDRAIN model. Agricultural Water Management 96, 415–428.
Clothier, B.E., Green, S.R., Deurer, M.,  2006. Preferential ﬂow and transport in soil:
progress and prognosis. European Journal of Soil Science 59, 2–13.
Doherty, J., Johnston, J.M., 2003. Methodologies for calibration and predictive analy-
sis  of a watershed model. Journal of the American Water Resources Association
39, 251–265.
Doherty, J., 2004. PEST: Model Independent Parameter Estimation User Manual, 5th
ed.  Watermark Numerical Computing, Brisbane, Australia.
Fox, G.A., Malone, R.W., Sabbagh, G.J., Rojas, K., 2004. Interrelationship of macropores
and subsurface drainage for conservative tracer and pesticide transport. Journal
Environmental Quality 33, 2281–2289.
Fox, G.A., Sabbagh, G.J., Malone, R.W., Rojas, K., 2007. Modeling parent and
metabolite fate and transport in subsurface drained ﬁelds with directly con-
nected macropore. Journal of the American Water Resources Association 43,
1359–1372.
Gilliom, R.J., Barbash, J.E., Crawford, C.G., Hamilton, P.A., Martin, J.D., Nakagaki, N.,
Nowell, L.H., Scott, J.C., Stackelberg, P.E., Thelin, G.P., Wolock, D.M., 2006. Pes-
ticides in the Nation’s streams and ground water, 1992–2001. U. S. Geological
Survey Circular 1291. USGS, Reston, VA.
Goss, M.J., Ehlers, W.,  Unc, A., 2010. The role of lysimeters in the development of
our  understanding of processes in the vadose zone relevant to contamination of
groundwater aquifers. Physics and Chemistry of the Earth 35, 913–926.
Graymore, M.,  Stagnitti, F., Allinson, G., 2001. Impacts of atrazine in aquatic ecosys-
tems. Environment International 26, 483–495.
Guzman, J.A., Fox, G.A., 2012. Implementation of biopore and soil fecal bacteria
fate and transport routines in the Root Zone Water Quality Model (RZWQM).
Transactions of the ASABE 55, 73–84.
Hendrickx, J.M.H., Flury, M., 2001. Uniform and preferential ﬂow mechanisms in
the vadose zone. In: Conceptual Models of Flow and Transport in the Fractured
Vadose Zone. National Research Council, National Academy Press, Washington,
DC, pp. 149–187.
Hill, M.C., Tiedeman, C.R., 2007. Effective Groundwater Model Calibration with Anal-
ysis of Data, Sensitivities, Predictions, and Uncertainty. John Wiley & Sons,
Hoboken, New Jersey.
Iowa Environmental Mesonet (IEM), 2012. Iowa State University, Depart-
ment of Agronomy. http://mesonet.agron.iastate.edu/agclimate/hist/
hourlyRequest.php
Jaynes, D.B., James, D.E., 2007. The Extent of Farm Drainage in the United States.
http://www.ars.usda.gov/SP2UserFiles/Place/36251500/TheExtentofFarm
DrainageintheUnitedStates.pdf
Kladivko, E.J., Brown, L.C., Baker, J.L., 2001. Pesticide transport to subsurface tile
drains in humid regions of North America. Critical Reviews in Environmental
Science and Technology 31, 1–62.
Kumar, A., Kanwar, R.S., Ahuja, L.R., 1998. Evaluation of preferential ﬂow compo-
nent of RZWQM in simulating water and atrazine transport to subsurface drains.
Transactions of the ASAE 41, 627–638.
Larsson, M.H., Jarvis, N.J., 1999. Evaluation of a dual-porosity model to predict ﬁeld-
scale solute transport in a macroporous soil. Journal of Hydrology 215, 153–171.
Larson, S.J., Gilliom, R.J., 2001. Regression models for estimating herbicide concen-
trations in US streams from watershed characteristics. Journal of the American
Water Resources Association 37, 1349–1367.
Lewan, E., Kreuger, J., Jarvis, N., 2009. Implications of precipitation patterns and
antecedent soil water content for leaching of pesticides from arable land. Agri-
cultural Water Management 96, 1633–1640.
Li, L., Malone, R.W., Ma,  L., Kaspar, T.C., Jaynes, D.B., Saseendran, S.A., Thorp, K.R., Yu,
Q.,  Ahuja, L.R., 2008. Winter cover crop effects on nitrate leaching in subsurface
drainage as simulated by RZWQM-DSSAT. Transactions of the American Society
of  Agricultural and Biological Engineers 51, 1575–1583.
Ma,  Q.L., Hook, J.E., Wauchope, R.D., Dowler, C.C., Johnson, A.W., Davis, J.G., Gascho,
G.J., Truman, C.C., Sumner, H.R., Chandler, L.D., 2000. GLEAMS, Opus, PRZM2beta
and  PRZM3 simulations compared with measured atrazine runoff. Soil Science
Society of America Journal 64, 2070–2079.
Ma,  Q.L., Wauchope, R.D., Ma,  L., Rojas, K.W., Malone, R.W., Ahuja, L., 2004a. Test of
the root zone water quality model (RZWQM) for predicting runoff of atrazine,
alachlor and fenamiphos species from conventional tillage corn mesoplots. Pest
Management Science 60, 267–276.
Ma,  Q., Wauchope, R.D., Rojas, K.W., Ahuja, L.R., Ma,  L., Malone, R.W., 2004b. The
pesticide module of the Root Zone Water Quality Model (RZWQM): testing and
sensitivity analysis of selected algorithms for pesticide, fate and surface runoff.
Pest Management Science 60, 240–252.
Ma,  L., Malone, R.W., Heilman, P., Ahuja, L.R., Meade, T., Saseendran, S.A., Ascough,
J.C.,  2007a. Sensitivity of tile drainage ﬂow and crop yield on measured and
calibrated soil hydraulic properties. Geoderma 140, 284–296.
Ma,  L., Malone, R.W., Heilman, P., Karlen, D.L., Kanwar, R.S., Cambardella, C.A.,
Saseendran, S.A., Ahuja, L.R., 2007b. RZWQM simulation of long-term crop
production, water and nitrogen balances in Northeast Iowa. Geoderma 140,
247–259.
22 R.W. Malone et al. / Agricultural Water Management 132 (2014) 10– 22
Ma,  L., Malone, R.W., Heilman, P., Jaynes, D.B., Ahuja, L.R., Saseendran, S.A., Kanwar,
R.S.,  Ascough, J.C., 2007c. Management effects on crop production and water
quality: crop rotation, tillage, and controlled drainage. Geoderma 140, 260–271.
Malone, R.W., Shipitalo, M.J., Ma,  L., Ahuja, L.R., Rojas, K.W., Owens, L.B., 2001. Macro-
pore  component assessment of the root zone water quality model (RZWQM)
using no-till soil blocks. Transactions of the ASAE 44, 843–852.
Malone, R.W., Logsdon, S., Shipitalo, M.J., Weatherington Rice, J., Ahuja, L., Ma,  L.,
2003. Tillage effect on macroporosity and herbicide transport in percolate. Geo-
derma 116, 191–215.
Malone, R.W., Weatherington Rice, J., Shipitalo, M.,  Fausey, N., Ma, L., Ahuja, L.,
Wauchope, R.D., Ma,  Q., 2004a. Herbicide leaching as affected by macropore
ﬂow and within storm rainfall intensity variation: a RZWQM simulation. Pest
Management Science 60, 277–285.
Malone, R.W., Ma,  L., Wauchope, R.D., Ahuja, L., Rojas, K., Ma,  Q., Warner, R., Byers, M.,
2004b. Modeling hydrology, metribuzin degradation, and metribuzin transport
in  macroporous tilled and no till silt loam soil using RZWQM. Pest Management
Science 60, 253–266.
Malone, R.W., Ahuja, L.R., Ma,  L., Wauchope, R.D., Ma,  Q., Rojas, K.W., 2004c. Appli-
cation of the root zone water quality model (RZWQM) to pesticide fate and
transport: an overview. Pest Management Science 60, 205–221.
Malone, R.W., Huth, N., Carberry, P.S., Ma,  L., Kaspar, T.C., Karlen, D.L., Meade, T., Kan-
war, R.S., Heilman, P., 2007. Evaluating and predicting agricultural management
effects under tile-drainage using modiﬁed APSIM. Geoderma 140, 310–322.
Malone, R.W., Jaynes, D.B., Ma, L., Nolan, B.T., Meek, D.W., Karlen, D.L., 2010. Soil-
test N recommendations augmented with PEST optimized RZWQM simulations.
Journal of Environmental Quality 39, 1711–1723.
Moorman, T.B., Jayackandran, K., Reungsang, A., 2001. Adsorption and desorp-
tion of atrazine in soils and subsurface sediments. Soil Science 166,
921–929.
Moriasi, D.N., Arnold, J.G., Van Liew, M.W.,  Bingner, R.L., Harmel, R.D., Veith, T.L.,
2007. Model evaluation guidelines for systematic quantiﬁcation of accuracy in
watershed simulations. Transactions of the ASABE 50, 885–900.
Nash, J.E., Sutcliffe, J.V., 1970. River ﬂow forecasting through conceptual models:
part 1. A discussion of principles. Journal of Hydrology 10, 282–290.
Nolan, B.T., Puckett, L.J., Ma,  L., Green, C.T., Bayless, E.R., Malone, R.W.,
2010. Predicting unsaturated zone nitrogen mass balances in agricul-
tural settings of the United States. Journal of Environmental Quality 39,
1051–1065.
Rawls, W.J., Brakensiek, D.L., Simanton, J.R., Kohl, K.D., 1990. Development of
a  crust factor for a Green Ampt model. Transactions of the ASAE 33,
1224–1228.
Reichenberger, S., Bach, M.,  Skitschak, A., Frede, H.G., 2007. Mitigation strategies to
reduce pesticide inputs into ground- and surface water and their effectiveness:
a  review. Science of the Total Environment 384, 1–35.
Rose, K.A., Megrey, B.A., Werner, F.E., Ware, D.M., 2007. Calibration of the NEMURO
nutrient–phytoplankton–zooplankton food web model to a coastal ecosystem:
evaluation of an automated calibration approach. Ecological Modelling 202,
38–51.
Sarmah, A.K., Close, M.E., 2009. Modelling the dissipation kinetics of six commonly
used pesticides in two contrasting soils of New Zealand. Journal of Environmen-
tal Science and Health Part B-Pesticides Food Contaminants and Agricultural
Wastes 44, 507–517.
Shipitalo, M.J., Edwards, W.M.,  Dick, W.A., Owens, L.B., 1990. Initial storm effects
on macropore transport of surface-applied chemicals in no-till soil. Soil Science
Society of America Journal 54, 1530–1536.
Stackelberg, P.E., Barbash, J.E., Gilliom, R.J., Stone, W.W.,  Wolock, D.M., 2012. Regres-
sion models for estimating concentrations of atrazine plus deethylatrazine in
shallow groundwater in agricultural areas of the United States. Journal of Envi-
ronmental Quality 41, 479–494.
Thorp, K.R., Malone, R.W., Jaynes, D.B., 2007. Simulating long-term effects of nitrogen
fertilizer application rates on corn yield and nitrogen dynamics. Transactions of
the  ASABE 50, 1287–1303.
Tiktak, A., Hendriks, R.F.A., Boesten, J.J.T.I., 2012. Simulation of movement of pesti-
cides towards drains with a preferential ﬂow version of PEARL. Pest Management
Science 68, 290–302.
USEPA, 2012. Basic Information about Atrazine in Drinking Water, Available at:
http://water.epa.gov/drink/contaminants/basicinformation/atrazine.cfm
USDA, 2012. Agricultural Chemical Use Program. USDA National Agricul-
tural Statistics Service, Washington, D.C, Available at: http://quickstats.
nass.usda.gov/?sector desc=ENVIRONMENTAL
Walker, S.E., Mitchell, J.K., Hirschi, M.C., Johnsen, K.E., 2000. Sensitivity anal-
ysis of the Root Zone Water Quality Model. Transactions of the ASAE 43,
841–846.
Wauchope, R.D., Rojas, K.W., Ahuja, L.R., Ma, Q., Malone, R.W., Ma,  L., 2004. Doc-
umenting the pesticide processes module of the ARS RZWQM  agroecosystem
model. Pest Management Science 60, 222–239.
Weed, D.A.J., Kanwar, R.S., Stoltenberg, D.E., Pfeiffer, R.L., 1995. Dissipation and dis-
tribution of herbicides in the soil-proﬁle. Journal of Environmental Quality 24,
68–79.
White, K.L., Chaubey, I., 2005. Sensitivity analysis, calibration, and validations for
a  multisite and multivariable SWAT model. Journal of the American Water
Resources Association 41, 1077–1108.
